Context: Decreasing perioperative blood loss using a tourniquet during primary total knee arthroplasty (TKA) is a standard practice but there is still no consensus on ideal technique.
Introduction
Minimizing perioperative blood loss during total knee arthroplasty (TKA) remains a major concern and the specific tourniquet protocol employed during TKA can affect both intraoperative and total perioperative blood loss. The use of tourniquet remains popular during TKA for the benefits of decreasing immediate intraoperative blood loss and providing a clearer surgical field. However, after deflation of tourniquet, the dual effect of previous ischemia and surgically induced inflammation results in a reflex increase in blood flow and subsequent bleeding. The limb hypothermia caused by tourniquet use may also result in increased bleeding due to dysfunction of coagulatory enzymes. With these adverse effects on hemostasis, the net clinical effect of tourniquet use on perioperative hemoglobin remains undetermined.
Most of the current studies available directly compare only two
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Blood Loss in Total Knee Arthroplasty: A Meta-analysis of 4 Different Tourniquet Protocols tourniquet protocols on perioperative blood loss and/or change in perioperative hemoglobin level. The objective of this meta-analysis is to compile and compare the effects of all the currently used tourniquet protocols on perioperative change in hemoglobin level during primary TKA to determine if one protocol is superior.
Materials and Methods

Techniques of tourniquet usage
For the purpose of this study we grouped the currently utilized techniques of tourniquet usage during total knee arthroplasty in to 4 types (Table 1) . No application or application and but no inflation of tourniquet throughout the procedure was considered type 0. Type 1 technique is inflation of the tourniquet only during fixation of implants using cement and deflation immediately after setting of the cement. Inflation of the tourniquet just before the start of surgery and deflation to achieve hemostasis after fixation of implants and prior to closure of the arthrotomy was considered type 2. Type 2 technique is again subdivided in to two based on whether surgical wound closure was performed without reinflation of tourniquet (type 2a) or with reinflation of tourniquet until completion of the procedure and application of the final dressing (type 2b). Finally, type 3 technique was defined as inflation of the tourniquet just before the start of surgery and deflation after closure of arthrotomy or complete closure of the surgical wound.
Inclusion criteria
This meta-analysis was conducted to investigate if there is any difference in the effect of various techniques of tourniquet usage on perioperative blood loss, specifically the change in the perioperative hemoglobin levels in patients undergoing primary knee replacement. Unpublished data of TKA done from May 2000 to March 2002 by one of the senior authors (FDC) using tourniquet application technique type 2b (85 patients) and type3 (63 patients) was included in the study and was considered as one record. Only patients undergoing unilateral primary total knee arthroplasty for osteoarthritis were included in either of the study groups.
Pub Med search was performed with the term 'Tourniquet Blood Loss Knee Replacement' without applying any additional filters to identify the records. In the same way, Embase search was performed subsequently using the same search terms and identified all the records. The duplicates among Pub Med and Embase search were identified and removed. The selected records were screened by reviewing the abstract for data pertaining specifically to the effect of tourniquet on perioperative blood loss in primary TKA and included for further analysis. If the abstract was not available for a record, it was selected for full-text review by default. Of all the records selected for full-text review, the original articles which had specific data on the effect of the tourniquet on preoperative and postoperative hemoglobin level or a change in the perioperative hemoglobin level in patients undergoing primary TKA were included for final analysis. In addition we looked carefully to identify additional records which we may have missed during Pub Med or Embase search but have the data that we are interested in by reviewing the references section of all the full-text reviewed records and if such a record was found, it was included in the final analysis.
Exclusion criteria
Any study that had patients who received an intra-operative blood transfusion was excluded, as it would affect the measured postoperative hemoglobin level. Also, studies that documented the use of tranexamic acid perioperatively for decreasing blood loss were excluded in this study. In addition the studies that were done exclusively in patients who underwent bilateral TKA were excluded. Finally, studies in which the groups of patients analyzed were not identical, for example, because of use of bipolar blood sealing systems, local infiltration or spraying of any pharmacological agent to control bleeding, and use of drain or cell saver in one but not the other studied group(s) were also excluded from further analysis.
Statistics
Initially we calculated the mean change in the perioperative hemoglobin while using a specific technique of tourniquet in each of the selected articles by subtracting mean postoperative hemoglobin recorded (before giving any blood transfusion) from the mean preoperative hemoglobin. Next step was to calculate the weighted mean of change in the perioperative hemoglobin level after combining the results of each specific technique of tourniquet usage from all the selected studies using the formula,
where w x is the weighted mean, w 1 is the weight for the i th observation, i
x is the mean of i th observation. Third part of the analysis was to calculate the weighted variance of change in the mean perioperative hemoglobin level after combining the results of each specific technique of tourniquet usage from all the selected studies using the formula,
s is the weighted variance, w 1 is the weight for the i th observation, x 1 is the mean of i th observation, w x is the weighted mean and N′ is the number of weights. The fourth step was to calculate the weighted standard deviation of change in the mean perioperative hemoglobin level after combining the results of each specific technique of tourniquet usage from all the selected studies using the formula,
sd is the weighted standard deviation, w 1 is the weight for the i th observation, x 1 is the mean of i th observation, w x is the weighted mean and N′ is the number of weights. Weighted standard error of change in the mean perioperative hemoglobin level after combining the results of each specific technique of tourniquet usage from all the selected studies using the formula,
where w SE is the weighted standard error, sd w is the weighted standard deviation and N′ is the number of weights. The final step was to calculate the 95% confidence interval (CI) of the weighted meanchange in the mean perioperative hemoglobin level after combining the results of each specific technique of tourniquet usage from all the selected studies using the formula,
x is the weighted mean and w SE is the weighted standard error.
Type 0: No application or application but no inflation of tourniquet throughout the procedure.
Type 1: Inflation of the tourniquet only during fixation of implants using cement and deflation after setting of the cement.
Type 2: Inflation of the tourniquet just before the start of surgery and deflation to achieve hemostasis after fixation of implants and prior to closure of the arthrotomy.
• Type 2a -Wound closure without reinflation of tourniquet.
• Type 2b -Wound closure by reinflation of tourniquet until completion of the procedure and application of the final dressing.
Type 3: Inflation of the tourniquet just before the start of surgery and deflation after closure of arthrotomy or complete closure of the surgical wound. 
Results
We identified 167 records in Pub Med and 168 records in Embase using the search term 'Tourniquet Blood Loss Knee Replacement' (Figure 1 ). After removing the duplicates, there were 250 articles available for screening of abstracts. When we included our unpublished study as one additional record, we had a total of 251 records available for screening. We excluded 207 records among the 251 that were screened as they were not relevant to this study. We full-text reviewed the remaining 44 records among the 251 records that were screened. Out of 44 records that were full text reviewed, 29 records were excluded for various reasons. Hence we identified a total of 15 original articles with data relevant to this study. During the process of full text review of these 44 records, we could identify one additional original article that was not previously identified by either Pub Med or Embase search, but had the data comparing the effect of two different techniques of using tourniquet on change in the mean perioperative a hemoglobin level during primary TKA. Including this one newly identified original article, we had a total of 16 articles available for meta-analysis.
The total number of patients available for analysis was 136 for type 0; 97 for type 1; 398 for type 2a; 134 for type 2b; and 438 for type 3 tourniquet usage ( Table 2 ). The calculated mean change in the hemoglobin perioperatively in each of the study groups in each individual study is shown in Table 2 . The weighted mean, weighted variance, weighted standard deviation, weighted standard error and 95% CI of the weighted mean change in the perioperative hemoglobin level (all in g/dl) after combining the results of each specific technique of tourniquet usage are represented in Table 3 . The results of type 2a, type 2b and type 3 techniques of tourniquet usage during primary TKA were essentially comparable. Type 2a, type 2b and type 3 techniques of tourniquet usage were found to have the lowest mean change in the perioperative hemoglobin level and a non overlapping 95% confidence interval of the mean change in the perioperative hemoglobin level compared to type 0 technique of tourniquet usage. Type 1 technique of tourniquet usage had the broadest 95% confidence interval indicating significant individual outliers compared to the rest of the techniques of tourniquet usage during primary TKA.
Discussion
This is the first study to classify various types of tourniquet usage during primary total knee arthroplasty. Also this is the first meta-analysis to compare the effect of all the different techniques of tourniquet usage on perioperative hemoglobin level in patients undergoing primary TKA, facilitating derivation of strongest possible evidence required to provide a clinical guideline.
Clinician should be able to differentiate between "statistical significance" and "clinical meaningfulness". In this study for example, the mean change in the perioperative hemoglobin level between type 0 technique (3.67g/dl) and type 3 (2.90g/dl) technique of tourniquet usage is the highest (0.77g/dl) when any two groups are compared with each other. Apparently it may not seem a clinically meaningful difference (<1g/dl) unless one critically evaluates two related issues. One, the hemoglobin loss while using type 0 technique is permanent compared to type 3 as the essential components for production of new red blood cells are lost forever, unless a cell saver device is used for reinfusion, which none the less comes only at an additional cost. Two, while performing a primary bilateral TKA, this difference in the effect size becomes double, and then may become clinically meaningful difference.
The type 3 technique of tourniquet usage during total knee arthroplasty needs to be carefully compared with the rest of the types of tourniquet usage in terms of the risk of unidentified major vessel injury. In three individual studies by Barwell J [2] , Hernández-Castaños [6] and Chirstodouou [16] calculated the odds of unrecognized major vessel injury in type 2a technique compared to type 3 and found it to be 0.08 (95% CI: 0.00 to 1.51), 0.23 (95% CI: 0.02 to 2.16) and 0.48 (95% CI: 0.04 to 5.66) respectively. As the 95% CI falls on either side of 1.00 in the results of all these three studies, it is not possible to conclude that releasing the tourniquet before wound closure is associated with less risk of unrecognized major vessel injury. However, clinical judgment matters in this situation. It is not difficult to identify a major bleeding vessel even while working with the tourniquet inflated, and if necessary, the surgeon should have little hesitation to deflate the tourniquet and achieve control over bleeding and proceed further with or without reinflation of tourniquet.
Limitations
The results of this study like any other meta-analysis have to be understood considering the heterogeneity of the patients groups that are compared. Though many filters have been used in this study to see that the patients groups that were compared are identical, it is impossible to eliminate all the confounding variables during a meta-analysis. For example, the type of anaesthesia (hypotensive epidural anaesthesia vs. general anaesthesia) can have a profound effect on perioperative blood loss, which we did not try to eliminate. In addition, there was no standardized deep venous thrombosis prophylaxis used for the patients among all the included studies. Records after removal of duplicates (n =250)
Full-text review (n =44)
Excluded (n = 29)
• Non identical study groups and/or protocols (n = 8)
• Non-English (n = 7)
• No/partial data on mean haemoglobin levels (n=7)
• Full-text not available through online library and inter-library loan (n =4)
• Letter to editor(n=2)
•
Intraoperative blood transfusion(n=1)
Studies included in quantitative synthesis (meta-analysis) (n =16)
Additional records identified during the full-text review (n =1) 
Conclusions
Type 2a, type 2b and type 3 techniques of tourniquet usage have comparable effect on change in the perioperative hemoglobin levels in patients undergoing primary total knee arthroplasty. Type 0 technique of tourniquet usage is inferior to type2a, type2b and type 3 techniques of tourniquet usage in terms of loss of the hemoglobin perioperatively. Type 1 technique has significant individual outliers compared to rest of the techniques of tourniquet usage during primary TKA indicating less reliability on a case-to-case basis compared to rest of the techniques. Hence to conserve the blood loss during primary total knee arthroplasty, we recommend either type 2a or type 2b or type 3 as the most preferable technique of usage.
Scope for Future Research
Prevention of blood loss during total knee arthroplasty is a multipronged strategy. Introduction of tranexamic acid in arthroplasty surgery to prevent blood loss has been proven to be advantageous. There are several other potentially effective locally applied strategies for prevention of blood loss during primary TKA. Hence future studies should focus on comparing superiority and cost The articles selected for meta-analysis (in alphabetical order of first author of study), number of patients included in each study group and mean change in the perioperative hemoglobin.
#Values were expressed in median. Cases in which blood transfusion was given during surgery could be excluded from total number of patients as the data was available in that form. We considered median value to be equal to mean during analysis of results. *Our unpublished data that is included now for the meta-analysis. Table 3 : The weighted mean, weighted variance and weighted standard deviation, weighted error and 95% CI of the mean change in the perioperative hemoglobin (in g/dl) of each type of tourniquet usage.
Technique of tourniquet usage Weighted mean
effectiveness of one specific protocol with another to develop the most economic yet the most efficient strategy for complete elimination of need for perioperative blood transfusion in patients undergoing primary TKA.
